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‘ Why Measure the Top Mass?
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Top Production (Tevatron): Top Decay:

SM Top Quark Signatures f

.J\,\
| | II|

W Decay:

mainly in pairs via t~102sec  defines top event signature
85% qq annihilation t—Wb W—-qq’ hadronic (BR=6/9)
15% gg fusion BR~99.9% W-lv leptonic (BR=3/9)
cit(1.96TeV)~6.7pb (theory) .
R Signature
b
I I Al jets
q ”:; va.q‘ | = || tausX
t \'N<I ~ < : | [ mu+ets
_ =Lg SN0 W etets
T /h I | t\‘uw’i i c+e+jets
> w1 _Lg 4 i mu+mu-+jets
\1\{"" | » [] e+mu-+jets
vag |

General Event Topology:

—spherical events (tt production near threshold)
-2 b jets from top quarks (crucial for ident.)
—jets/leptons with high transverse energy Et

—large missing Et in leptonic decay modes

CDF Il Top Mass Measurements:

Dilepton: 2 e/u, 2 jets, large miss. Et
(BR=5%, S/B~10)

Lepton+Jets:1 e/u, 4 jets, large miss. Et
(BR=30%, S/B~1)
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Tevatron Run || =

BrRKELEY Lam

~ CMenergy 1.96TeV (Runl: 1.8TeV)
Increase of tt cross section by ~30%

Substantial increase of luminosity:
Record: ~8x10%*cm™s™

P CDF Il integrated luminosity
" Main Injector | "T\ B b o B Jelio ot |
& RECYCIEF 'zi —8- 2002 2003 ol
e N Sample used for recent
= 400_% «  Run Il lepton+jets result
- c | Delivere
Total on tape (now): 460 pb 1 3 200 © o Tape
Analysis samples: =
Dileptons: 126 pb™ 5
Lepton+dJets: 162 pb™ =0 1000 2000 3000
(Wlth at least 1 SVX ’[ag) Store Number
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HERKELEY Lam

* Top Event Selection (Lepton+Jets) ’5'\

CDF Il detector: &
¢ Calorimeter (EM, HAD) :
¢ Tracking system TOE *
¢ Vertex detector ~—s] e
DRIET i
CHAMBER {iiSuE e 3 _
Basic kinematical cuts: 5T q"
1. One lepton ET>20 GeV 5 A3
2. Missing ET>20GeV
3. Four jets ET>15GeV, |n| < 2 S, TN 180 zeaa

\“‘
\““
EAYER 00
\““

f "'I, ..t\.
SVXIl ™, INTERMEDIATE

(depend on analysis)

5 LAYERS SILICON LAYERS
4. At least one SVX tag
. . Secondary :
SVX b jet tagqing:
Identification of displaced b \ny —
. .  vertex do - > ~
decay vertices from long-lived / o | b c J-r3- (6~150 pum)
B-hadrons : tj[ tag efficiency: 55%
O S S— . | tt fake rate: 0.5%

prompt tracks
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Methods ’}\

HERKELEY Lam

|. Template Method (TM) (= Run | Method):

© Kinematic fitter to reconstruct top mass
© Kinematic constraints

© Use "best” of 12 combinations (4 if double b tag)
(6 jet—quark combinatorics, 2 neutrino solutions)

© 1-dimensional templates parametrized as function of top mass

Il. Multivariate Template Method (MTM):
© Refined kinematic fitter with jet energy scale optimization
© Kinematic constraints

© Use "best” of 12 combinations (4 if double b tag),
Weight according to correct permutation probability

© Multidimensional non—parametric templates

lll. Dynamical Likelihood Method (DLM):

@ Matrix element likelihood
© Use all 12 combinations ( 4 if double tag)
@ Use calorimeter transfer functions
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Template Method (TM)

Reconstruct invariant top mass for each event

© Minimize y* expression, kinematic constraints
mi=m;, My+=My-, psi balance;

(PT — PT)2 (0{ - U{)2 (Mg, — My)*
’ > + 2, 7

x - 0'2 o 0'2
£,jets Pr t=x,y U! My
2 2 2
(Mj; — My ) (My,; — M) (M;;; — M)
_+_ 2 _+_ 2 _+_ 2 :
O My O, M,

© Combinatorial problem: 12(4) solutions for 1(2) b tags
2 pz neutrino solutions, 6(2) jet—parton combinations;

(we don't distinguish between q and g’ from W decay); Use smallest y*solution;

Build top mass templates from MC samples
for signal process with different my and for the background processes;

Calculate top mass likelihood
© Use templates as probability densities to be compared with data in order to
derive a top mass probability for each event
© Top mass is value of my which maximizes likelihood for the whole data sample

= product of event-by—event top mass probabilities (unbinned likelihood fit)
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TM Templates

CDF Run |l Preliminary
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HERKELEY Lam

Stacked background template

Template source
Bl Mistags, 4-jet
] Mistags, 3.5-jet
] wob. 4-jet
I wbb, 3.5-jet

[ ]1-top, s chan

I 1-top, 1 chan
CDF Run Il Preliminary

Reconstructed mass {GeV/c")

Signal:
Herwig
Background:
Wbb (Alpgen+Herwig)
Single Top (Pythia)
Mistags (W4p Alpgen+Herwig)

Signal templates are parametrized by continuous functions of my

Pedro Movilla Fernandez (LBNL)

8

BEACH 2004, Chicago, July 2



28 tt candidate events

6.8 £ 1.2 background events

(expected value from cross
section measurement)

... fixed in the fit

Method check: M vs M"

A~

[ CDF Run |l Preliminary a‘},-'-

I Green line: y=x Vs

n
]
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Fitted M, (GeV/c?
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&
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140 160 180 200 220 7
Input M, (GeV/c™)

Expected statistical errors

1400 CDF Run Il Preliminary (~162 pb ") Entrles 20000
L mMS=175 GeVrc’ Underflow 80

Overflow 78
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CDF Run

esults

™
3!

Il Preliminary (162 pb)

S 8 Likelihood vs top mass
g = |:|Data|{28 evts) FE
3 TE, Rk
0 EéSignaHBkgd g:
g 55%8@ only z’\/
= fb0 150 180 210 240
= M, (GeVic')
3
2F-
1=
- i %%ﬂm

80 100 120 140 160 180 200 220 240 260

Reconstructed Mass{GeWcE)

Miop=1 749"

—/.7 *

(stat.)ié.

)\ )

i(syst.) GeV/c?

Jet energy systematic: +6.3 GeV/c?
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Systematic Uncertainties eee]

Jet energy systematics are by far dominant

Jet Energy Scale 6.3
: Initial State Radiation 0.4
Final State Radiation 0.9
Parton Distribution Functions 0.2
Generators 0.4
Other MC Modeling 0.7 Preliminary. will
Background Shape 0.8 I
B be reduced soon!
-tagging 0.1
Total 6.5

elative to Cent
Central Calorimeter Response

Corrections to Hadrons (Absolute Scale)
Corrections to Partons (Out-of-Cone)
ota 0.
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Multivariate Template Method (MTM)

1) Kinematic fitter for event reconstruction: Fitted JES Distributions
Includes adjustable jet energy scale factor (JES) 1507
to be calibrated in the reconstruction of the !
W —qq’ decay by using W mass constraint;
Multiply all jet energies with JES scale factor

100

50

T T T T T
0.8 1 1.2

- decrease of JES systematics Fitted JES
0 . . Standard Mt = 175 GeV MC
-+ increase of statistical error Jets shifted by—1 Sigma

2) Three types of signal templates:

Generated Mtop = 180 GeV/c?

Events ® Correct permutation samples (CP)
600 .
o Width (GeV/c?): ® Incorrect permutation samples (IP)
ool S e ® Incorrect jet assignment samples (1J)
o v Uses information from fit and from tt production/decay
2001 dynamics to predict CP probability and to weight
100 signal templates accordingly. Useful quantities are
1oy TR A pb 59 - fit x*(permutation i)—y? (best permutation)

i MBS -+ cos/(lepton, leptonic b) in W rest frame

orrect permutation ] )

B - {t spin correlation term

ncorrect jet assighment

"Knowledge” of template type improves mass resolution
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3) Multivariate Templates:

© |n addition to the reconstructed top
variables are used to improve S/B
separation (avoids hard cuts)

e Sum pT of 4 leading jets favored by

statistical divergence measures
[ [

CDF l*u Il preliminary, 162 pb’ ks
M,,,=180.0 GeWcz_ :

0.4

© Kernel Density Estimation is used

to create probability densities
(non—parametric density reconstruction
technique)
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MTM Templates
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100 200 300

400
300
200

100

400
300
200

100

400

300

200

100

Giood permutation, b = 200

100 200 300

Bad permutation, M = 200

100 200 300

Incarrect jets, M = 200
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.J\,\
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MNaon-W Background

100 200 300

Wdg Background

100 200 300

Whbb2g Background

100 200 300 _ 100 200 300 — 100 200 300
f ReconstructeghMass (GeV/ic?) f
signal signal various
m{=150 GeV m{=200 GeV backgrounds
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MTM Results 2

[BrrkrLey Lam]

 CDF Run Il prefiminary, 162 pb-* Expected systematic errors:  Expected total errors:

Asa TS gy et 020t COF Runll preliminary, 62p5" COF Run ! preliminary, 162 pb’

5007 T % % F Mt/ minMijNM ]

450 6 G 14 Mt/ HtMom |

; v o Hwt/Puad

. 400‘: . g ugJ
> 350° e m 4| 3
o ] Miop (GeV/c?) £ [ Mt/minMijNM F
= 300° g 5 Mt / HtMom %
O [t/ Pidd |

250- 3 4-_ &

200 T § -

150_: : l Data (33 evenis) i Al

- HERWIG  MC, .
Lt > L’E’G:ELS‘?VS;:;; I A B X A T S L o 3 - - ! .
—— e Jet Energy Scale Constraint Jet Energy Scale Constraint
100 150 200 250 300 350
Mtop (GeV/c?)
33 candidate events © JES constraint in kinematic fit can be used to
+6.4 , treat with systematic errors
Miop=179.6 A 3(stat.)i6.8 (syst.) GeV/c* | @ JES constraint optimized w.r.t. total error
e © Several variable sets with similar performance;

use the one with best S/B discrimination
© JES constraint more important in the future as
f=0.34+0.14 statistical error decreases

Fitted background fraction:
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Dynamical Likelihood Method (DLM) ‘_

DLM is original CDF method (K. Kondo, J. Phys. Soc. 57 (1988) 4126)
It attempts to use as much amount of info on top quarks provided by SM

Parton distribution Probability of pt

function \ / of tt system

L% (my) /'Z 2 = |M*F (21, 22) f (p)w(x, y; my)dx

?6?’?’?‘1 VS(y

Hux ——

Production/Decay Matrlx Element
Signal only, no bkg M.E. ... correct for this!

‘ w jet response comparison(Et) |

Transfer function for jet energies: 018 T s,
Bayesian probability that x was generated 0.6 545<E2<55
when y was reconstructed (derived from tt MC) 0.14 —65<Er

©@are expressed as function of 0.12 — g5<ki<os
(E(parton)-E(jet))/ E(parton) \ 0.1
Q@are dependend on jet type (W or b jet) 0:08
@are parametrized in jet E1 and n bins o
002 W jets
q2"-"]‘.5‘‘-“I'-‘t)'.B"tfl'"Ltilli'i”*l""IIS”‘2”215"'3

EiMC)-Et(Jet)/E(MC)
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DLM Results

e

L1
crerrrc)

A

22 events jomt Ilkellhood

16T After Background Conmderatlon{ni 2 events)
54, 17783 50 (?rt_at_.9.!1!!)..(3@\(19_
F1 0% | ' ' T
i 6_'._ ...............................................................................................................
= 4 =
R - ______________ ________ - _____________ 1765iggGeWcz _________

166 163 1#0 1#2 1#4 1#6 1#3 1#0 1#2 1#4
M, (GeVic)

22 candidate events
Background fraction : 19%
After applying mapping function
(errors scaled accordingly):

mapping”

+

4.5
: O(stat.)J_r6.2 (syst.) GeV/c?
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180 CDF Run Il Preliminary (162 pb'1)
%) : : - :
G 17 19%

op = 177.8 GeVic®

5: 1;0 1;5 2;0 2;5

Background Fraction (%)

CDF Run Il Preliminary (162 pb'1)

MC : M[Dp

=175 GeVic?

=t - : 1'(]
Expected statistical error (Gchcz)

15
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DLM Event-by—Event

Maximum Likelihood Mass Event Likelihood distribution
+|CDF Run Il Preliminary (162 pb™) |~ MC Prediction & CDF Run Il Preliminary (162 pb™)
1Signal MC : M, = 175GeV/c? — 518”“" tHaine ( MU \[—— MC Prediction
6 ? H|—
. v Dam 22 s : Srgnar' rrbar(MC)
Q i g I / L 1 ! -
5 5; -y 65 A 4 Da.fa 22 e»ents X
- 0
= i > 45 v
N L |
"u:: 3 =
> 3
w2 ]
] 2 —¥— V¥ —¥— |
oo s i 1 £ =~
%136 140 10 160 170 180 160 2002)210 220 9__2' 0 3 4 & 8 10 12
Maximum Likelihood MT (GeV/c log(Likelihood)

Comparison data / MC ok!
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Summary and Outlook

© Three recent CDF Il measurements of the | CPPRe2Preliminany
top mass in the lepton+jets channel: | Dileptor el
DLM method provides smallest error ' . .
attempts to use max. theory information |Leptonsdets: Template’ IERERRRE7: HE5 (1=1pt)

© Future improvements
* More data (Tevatron performing well!):

1Lepton+Jets: Muliiv:;riaie 179.6 igg J_rBB {L=162p8™")

160 pb™ present results ————s _r
400 pb—1 end 2004 177.8 +33 +6.2 (L 16200
1000 pb™ end 2005 -

4400_8500 pb—1 end Run ” Run 1: CDF Lepton+dJets 176.1 £5.1+5.3 (Runionk)

* Reduce jet energy systematics (priority!)
Expect significant improvement in
calorimeter simulation!

|
Run 1: DO Lepton+dJets 180.1 £3.6 £3.9 (Run lonly)

[
* Big potential to refine/extend analysis AUt World Aversge: IS 2.4 3 miit)
methods 155 160 165 170 175 180 185 190 195

Best single measurements Top Mass (GeV/c’)

from Run | lepton + jets

Precision measurement is coming ...
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CDF Il Detector ceceer?] f

HERKELEY Lam

CDF underwent substantial

upgrades: P
Improved geometrical N
acceptance: b
TOF =
© SVX coverage |n| <2, ]
8| T
ayers DRIFT e N I e
© Expanded Muon system chameer | = | K& :
© Forward calorimeter = [ EE A=

New central tracker
© 96 layers

LAYER OO /

NS
Time of Flight SVX I INTERMEDIATE

: 5 LAYERS SILICON LAYERS
Trigger, DAQ ...
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MTM Correct Permutation Probability=13

CP prObablllty __Events e .

o Fit xz(best) not useful quantity izz

© x°(i)—x*(best) does better job 3001
Use a “permutation diffusion” inspired . v "y

. d 1ol

mOdel | 00 > . 10 15 20 i _1OChi—s_t;?Jare[1] i)Chi—sq?lare[o] 10

- 2 permUtatlon Case Cor(r:elllt_s:rﬁ;?ation

ncorrect permutation Bl : L0
pCP o< 1/eXp(X2(2nd best)—x2 (best)) :ncorrecifat ass?g:'lment 2 Pl 0 Is correct

Red: perm. 1 is correct

Enhance approach by adding kinematic information

© cosZ(lepton, 1eptoNIC D) m—mm—
' ' i G dM._top = 175.0
o tt Sp|n Correla‘non term Generated M_top= 175.0 enerated M_top

. . . . Events Events
© Define discriminator k=px|cp / PX|IP+lJ 100 I
to be calculated using MC 50 50
© Use Bayes Statistical techniques 5 0
to derive the probabilities -1 05 0 05 I -1 -05 0 05 1
C P cos(phi) I P cos(phi)

Pcrix = P (PcP;K)
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@ MTM Correct Permutation ProbabilitEg\_%ﬁ_

p — =
° - 12 2 2
Zaiexp(— X?,z Xbé )
i—1 We (Xi, + Xb)
we(y) = exp(be + coy + dey?)
RPep =+ (1 pcp PX|c_p

Derived from MC

Pedro Movilla Fernandez (LBNL)

1 b tag

Evanis

¥ Maan=0.53
15‘.1-_
1004
507

I: L] L] T T T 1] ¥ L L .n;

4] 02 04 06 08 1

Prabakbility
§ & Predicted Fraction

0.8
0.6
0.4

i CL=26.1%
0.29

O r——T—T—"T—"—T"

a 02 04 08 08 1

Ob=arved Fraction

2 b tags

Evamts
1004 Mzan =03.71

B0+
&0+
40
207

G L] L] T T T 1] L] 1 ¥ 1

a 02 04 06 08 1

P riobabil ity

Predicted Fraction

CL=>541%

——r—tr—T—T—TT—T
a 02 04 08 08 1
Chbsarved Fraction
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MTM Likelihood |

HERKELEY Lam

N
L(m,) = H (foPy(mi,a;) + (L — fo)Ps(my, z4,my))

g=1

Py(m, z) = Z a;B;(m,z), Z a; =l

bg types bg types
Fy(m,z,m1) = (PepSo,m, (M, ) + (1 — Pep) S1,m, (M, ) ) Pej + (1 — Pej)S2,m, (M, )
N is the number of observed events
m; is the top mass in the ith event. z; symbolizes all other template variables.
P, and P, are the signal and background densities
[ 1s the background fraction, treated as a nuisance parameter

B; are the templates for different background types. a; are the background
composition coefficients (assumed known).

S0,msr O1,m,, and S, ,,,, are the three signal templates for the given generated m,

Pejs Pep are the probabilities of correct jet and permutation assignments, respectively
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Systematic Uncertainties =213

HERKELEY Lam

CDF Run II Preliminary (162 pb™') CDF Run II Preliminary
Source Uncertainty (GeV/c?) Source Uncertainty (GeV/c?)
>3.5 jets | >4 jets > 3.5 jets | > 4.15815
— ' Relative to Central 3.0 3.
Statlstlca-] 71/ 7T =00 Central Calorimeter Response 4.6 4.7
Systematic__Jet Lnergy Scale 6.3 6.6 Corrections to Hadrons (Absolute Scale) 2.2 2.3
Initial State Radiation 0.4 0.6 || Corrections to Partons (Out-of-Cone) 2.3 2.3
Final State Radiation 0.9 1.0 Total 6.3 6.6
Parton Distribution Functions 0.2 0.2
Generators 0.4 0.4 h
Other MC Modeling 0.7 0.7 | I Template MethOd
Background Shape 0.8 0.8
B-tagging 0.1 0.1
Total 6.5 6.8
- - - Systematic A Miop (GeV/e?)
lll. Dynamical Likelihood M.
Jet Energ.,r 0.7
‘ Source A M,y GeV/e? Generators 0.2
[ Jet Bnerpy Lorrections 2.9 |
151 183 I3R 0.2
FSR %5 FSR 0.6
l PDFs 2.0 | : ;
Generator 06 Il. Multivariate | | por 0.6
Spin correlation 0.4 Backeround Shape 0.4
_ NLO (:H"(-‘.t".t 0.4 Template gr ¥
Transfer Iunction 2.0 | Meth Od b Tagging 0.3
DBackground fraction(£5%) 0.5 Fitting Procedure 0.7
Background modeling 0.5
Monte Carlo modeling 0.6 Total 6.8
Total 6.2
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DLM Mapping Function eee]

190.] backg&g}fnd fraction ; C.DFE Run i FTreIiminEary

4|—— 5%

2

Mapping function:

reconstructed ’[Op Mass 185;: 1iéﬂ/o
- generated top mass 180~ 25% |

175:.  — 40% : o ................... .....

Needed to handle
= Background effects
= Top mass dependence of transfer
function
Background fraction is minimized by

requiring exactly 4 jets

760 165 170 175 180 185 190
Input top mass GeV/c

© Slope depends on background

Reconstructed top mass GeV/c

fraction

0 COF Rt Pty 15 crrnireimnay - @ Expected background from cross
30 EJ section measurements used
3 04 , 312 : :
R U T T T e v e Checks with pseudo experiments:
5. ! i 508 4 ‘| -+ Pylls~0
5 £ 0§ . . .
£ %07 -+ Pull widths are unit Gaussian
0 ] 0.6
B T T | TR T T 130 08 160 165 170 175 180 185 190

Input top mass GeV/e Input top mass GeVie'
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